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Abstract 
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considered particularly effective at low wind velocities while at higher wind speeds this action loses its efficacy or physically it 
becomes too demanding. The physiological effects of sail pumping have been investigated in literature. For this purpose, on-
water measurements have been carried out during actual sailing using a portable metabolimeter and ashore measurements have 
been performed using a cycle ergometer or windsurfing simulator. The results have shown that windsurfing is a high-energy 
expenditure sport which shows high demands of the aerobic metabolism of athletes especially under weak wind conditions. 
Both cycle ergometer and windsurfing simulator were used in laboratory conditions which were not the same as on-water ones. 
In this paper we present an embedded system designed in order to quantify the power developed by a windsurfer during sail 
pumping. This device measures both the applied force and the displacement of its point of application by the means of 
extensometric sensors and inertial module unit placed on the rig. Other sensors have been attached on the athlete for 
biomechanical and physiological measurements. Preliminary results are presented and discussed in this work. 
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1. Introduction 
Sail pumping in windsurfing is a manoeuvre in which the surfer pulls and pushes the sail rhythmically so that it 
acts as a wing, thus providing the board with additional propulsion especially in weak and moderate winds 
(Castagna et al., 2008). In windsurfing, sail pumping is considered particularly effective at low wind velocities 
while at higher wind speeds this action loses its efficacy or physically it becomes too demanding. The 
physiological effects of sail pumping have been investigated in literature (Schonle and Reickert, 1983; Dyson et 
al., 1996; Vogiatzis et al., 2002; Chamari et al., 2003; Jaszczur-Nowicki, 2004; Castagna et al., 2007; 2008). It has 
been shown that windsurfing is a high-energy expenditure sport which shows high demands of the aerobic 
metabolism of the athletes, especially under weak wind conditions (deVito et al., 1997, Jaszczur-Nowicki, 2004; 
Castagna et al., 2008). In their study of muscle activity during pumping, Buchanan et al., (1996) found that peak 
muscular activity in the arm muscles was the greatest, with considerable activity in the shoulder muscles and much 
less activity recorded from the leg muscles. According to Campillo et al. (2007), a large majority of people 
practicing this sport suffer from muscular pain mostly in the forearms. These authors developed a land based 
windsurfing simulator in order to recreate in the laboratory an environment and constraints on the windsurfer as 
close as possible to reality and to analyze the muscular force used for different techniques for holding onto the 
wishbone by recording the global electromyographic activity of several muscles on the forearm using surface 
electrodes. A windsurfing simulator was developed in 2004 (Jaszczur-Nowicki, 2004) in order to compare cardio-
respiratory responses and energy expenditures during cycle ergometer and windsurfing simulator exercise tests 
with progressive load until exhaustion.  Recently, Mulder and Verlinden (2013) developed a sailing simulator 
motion system to identify the factors that contribute to the participants’ sensation of presence when sailing in 
virtual environment. On the other hand, on-water measurements have been carried out during actual sailing using a 
portable metabolimeter (Vogiatzis et al., 2002) and ashore measurements have been performed using a cycle 
ergometer and windsurfing simulator (Jaszczur-Nowicki, 2004). The results revealed, in the last case, a 
correspondence of the data received from windsurfing simulator and cycle ergometer during exercise and permitted 
to make a respective correction in their interpretation for objective estimation of windsurfers’ functional 
performance. However, both cyloergometer and the developed windsurfing simulator presented in Jaszczur-
Nowicki’s paper were used in laboratory conditions which are not the same as on-water conditions. It has been 
reported in literature that mechanical power is one of the important factors in the athletic performance (Hori et al., 
2008). In this paper, we present a windsurf ergometer designed in  our laboratory in order to assess the mechanical 
power developed by a windsurfer during sail pumping in conditions more close to on-water conditions.  Windsurf 
ergometer principle of operation and the various parameters involved in the calculation of mechanical power are 
presented in section 2. The windsurf ergometer with its electronic instrumentation and measurement methods are 
briefly described in section 3.  Results and discussion are reported in the last section.   
2. Principle of the windsurf ergometer operation 
The device has been designed so that one can follow during the exercise (i) the magnitude, (ii) the location of 
the point of application of a force F on the boom as well as the displacement of the force origin, (iii) the direction. 
The force magnitude can be measured using a force sensor and the direction of F can be deduced from the 
measurement of the athlete fore-arm tilt. A sensor position can be used to measure the location of the hand athlete 
that is closest to the mast in order to deduce the location of the point of application of F. The origin force 
displacement can be calculated from roll, pitch and yaw angles associated with the mast attitude. These angles are 
obtained from an inertial measurement unit (IMU) associated with a microcontroller attached to the foot mast. The 
direction of the measured force is parallel to the wishbone plane.  
The pumping is a movement in which the athlete transmits a force Fa  (supposed parallel to the fore-arms) to 
the rig to move the board during a time 't. Thus, a tilt sensor is needed to measure the angle D between the fore-
arm and the displacement of the force origin. The mechanical power P developed during this time is given by 
t
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where W is the work when the force Fa acts during a time 't resulting in a displacement 'L =AB of its point of 
application (See Fig. 1).  W is expressed by   
lFa d.W ³   (2) 
In practice, the discrete version of the integral in relation (2) is the sum, thus  
¦  ' 
n
i
W
1 i
l.Fa  (3) 
With   'li = G  being an elemental displacement of the force origin resulting from the work done.  
The displacement of the point of application of F can be calculated considering the well-known direct geometric 
model in robotics. In this model, the point of application of F was taken as the origin of a frame referred to as 
boom frame Rb that can be deduced from mast frame Rm by a vector translation L2. The universal joint frame RJ 
with unit vectors i, j and k along x, y and z respectively, was chosen as shown in Fig. 1. The origin of RJ was 
located at the universal joint which connects the rig to the board. z-axis is along the mast while x-axis and y-axis 
are in the wishbone boom plane. Rm is deduced from RJ by a vector translation L1 and RJ is deduced by a rotation 
about zb of an angle D (See Fig.2) from board reference frame RS (xS, yS, zS) in which zero calibration of the two 
IMU has been performed. 
 
Fig. 1.  Frame RJ (x,y,z) with its origin fixed at the universal  joint and mast frame Rm (x’,y’,z’) 
The homogenous matrix T (Khalil and Dombre, 2004; 2007) representing in our case the transformation from 
RS to Rb is then defined as  
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px = L2.CD .CTm .C\m   L2 .SD .(SIm . STm .C\m   CIm .S\m ) + L1 .( CIm .STm .C\m + SIm .S\m )  (5a) 
py = L2.CD .C\m  L2.SD . (SIm .STm .S\m + CTm .C\m)  + L1. (CIm. STm .S\m   SIm .C\m)  (5b) 
pz =  L2.CD .STm   L2.SD .SIm.  CTm + L1.CIm.  CTm   (5c) 
In equations (4) and (5) C and S refer to the circular functions cos and sin. Im, Tm and \m are respectively roll, 
pitch and yaw angles relative to the mast attitude, L1 is the location of the boom mast attachment (inhaul) from the 
universal joint and L2 is the distance between the point of application of the force (supposed in this work to be the 
midpoint of the line segment connecting the two hands) and the inhaul. (px, py, pz) are the coordinates of the force 
origin in frame RS.  
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When (px, py, pz) in frame RS changes to (p’x, p’y, p’z), so as the displacement vector pp’ is equal to 'li and its 
magnitude is given by 
222 )p'p()p'p()p'p((l zzyyxxi  '    (6) 
At two successive instants of time, the values of roll, pitch, yaw angles (Im, Tm,  and \m) can be known, as well 
as L1 and L2. The displacement value resulting from the work done by F can be deduced by calculating equation 
(6) using equations (5a), (5b) and (5c). 
 
Fig. 2.  Position of the hand mast measure D with a potentiometric sensor; L2 was deduced using a calibration function. 
 
The two IMUs associated with the fore-arm and boom measure respectively (I fa, T fa, \ fa.)  and (Im, Tm, \m) 
associated with fore-arm frame Rfa  in which unit vectors are ifa, jfa, kfa  and boom frame Rb in which unit vectors 
are ib, jb and kb.  
The strain gauge measures only the force acting in the boom plane on the lateral axis (See Fig. 2), i.e. along jb 
and the force Fa transmitted by the athlete to the rig is along j fa . F and Fa can be expressed by 
F = F.jb   and   Fa = Fa.jfa (7) 
F is the projection of Fa on the axis corresponding to jb and F is related to Fa by 
F = Fa. cos((F,Fa)) = Fa jb. jfa (8) 
jb = (SIm STm C\m – CIm S\m ) is + (SIm STm S\  m + CI  m C\  m ) js + SI  m CT  m ks (9) 
jfa = (SI fa ST fa C\ fa – CI fa S\ fa ) is + (SI fa ST fa S\ fa + CI fa C\ fa )  js + SI fa CT fa ks (10) 
 From relations (6), (8)-(10) the work can be deduced. 
3. Material and methods  
 
Fig. 3.  Windsurf ergometer with (a) position sensor; (b) force sensor; (c) IMU on the mast foot; (d)  heart rate monitor watch; (e) IMU on 
the athlete fore-arm; (f) embedded system attached to the athlete waist; (g) conditioning circuit of force sensor; (h) data acquisition and 
processing unit; (i) Bluetooth transmission unit; (j) ATmega328 microcontroller; (k) Li-ion battery.  
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Windsurf ergometer shown in Fig. 3 is composed of a 7.8 m² One Design rig from BIC Sport company mounted 
on a wooden board with four wheels in order to calibrate the device in-door. A tape measure was attached to the 
boom to determine the location of the two athlete’s hands on one hand, and a potentiometric position sensor (a) 
was also placed on the boom near the mast to determine the location of the windsurfer’s hand that is closest to the 
mast in order to deduce the location of the point of application of F on the other hand. A strain gauge force sensor 
(b) was attached to the boom close to the inhaul to measure the magnitude of the force F transmitted to the rig by 
the athlete. A nine degrees of freedom  9-DOF IMU (c) comprising three sensors: a three-axis accelerometer 
ADXL345, a three-axis gyroscope ITG3200 and a three-axis magnetometer HMC5853L were attached to the mast 
foot to measure the rig attitude by measuring the roll, pitch and yaw angles. Measurements of these angles were 
performed by the gyroscope at a frequency equal to 25Hz. The IMU was combined with a ATmega328 
microcontroller (j) carrying a data fusion algorithm that computed roll, pitch and yaw angles Im, T  m and \  m 
respectively. The accelerometer was used to cancel gyroscope signals drift when measuring roll and pitch angles 
while the magnetometer did the same operation but with the yaw angle. A 6-DOF IMU was positioned on the fore-
arm of the athlete in order to determine the direction of F during the pumping exercise. This IMU comprised a 
three-axis accelerometer ADXL345 and a three-axis gyroscope ITG3200. An embedded electronic system (h) 
dedicated to the data acquisition from the strain gauge conditioning circuit (g), and the other sensors, processing 
and transmission (i) by Bluetooth to a laptop as well as a battery (k) were attached to the athlete waist.  
A competitive windsurfer (age:28 years ; weight:73kg; height:1.80m) has performed a pumping exercise 
outdoor during 2mn 46s in beating sailing conditions. Video was taken during the pumping with a consumer at 25 
fps. Just before performing the pumping, the two IMU were calibrated in frame RS and from his hands’ positions 
on the wishbone, the angle D was measured with a goniometer and was found to be equal to 20°. His heart rate at 
the end of exercise was equal to 135bpm. 
4. Results and discussion 
The results of force sensor calibration showed a linear behavior of the measured force versus output voltage 
issued from the strain gauge conditioning circuit and the sensitivity Sf was found to be equal to 0.831N/mV. The 
same behavior was noticed for L2 when position sensor output signal varies. The sensitivity was found equal to 
37.95cm/V. Fig. 4 shows five pictures taken at equidistant moments during a pumping exercise on windsurf 
ergometer in beating sailing conditions.   
 
 
Fig. 4.  Pictures taken at equidistant moments during a pumping exercise in beating sailing conditions. 
The force measured by the strain gauge is shown versus time in Fig.5a. Seven cycles of pumping can be noted 
during 10s. The maximal measured force during this pumping has a high value, it can reach approximately 2300N. 
For the same seven cycles of pumping, the variation of L2 versus time is presented in Fig. 5b. One can notice that 
the athlete’s hands were approximately at the same position with L2=38 r 1cm during the seven cycles of pumping 
shown in this figure. The work developed  by the athlete  during 10s in the conditions of Fig.5 was found to be 
approximately equal to 2600J and the deduced mechanical power was found to be around 260W.  
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Fig. 5.  (a) Force measured by the strain gauge ; (b) L2 versus time during 7 cycles of pumping in beating sailing conditions 
5. Conclusion 
A windsurf ergometer for sail pumping analysis has been developed.  The device was instrumented with position 
and force sensors as well as two IMU to measure the mast and the athlete fore-arm attitude during pumping. The 
components of the force origin displacement and the force components in the board frame were expressed using the 
direct geometric model in robotics so that the work done by the force could be calculated and the mechanical power 
deduced. In-situ measurement of power with the ergometer allows one to assess the power developed in one 
pumping cycle or in a sequence of a number of cycles. In a future work a study will be conducted in order to relate 
the mechanical power measurements and the athlete performance. 
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